INTRODUCTION
Quantitating protein synthesis rates is important for understanding the physiological state of a cell. While mRNA levels provide a convenient proxy for measuring gene expression, they do not directly reflect protein output due to extensive posttranscriptional regulation. In bacteria, the components of multiprotein complexes provide a common example of genes for which mRNA levels do not accurately reflect the amount of proteins synthesized. The proteins that makeup a complex are often transcribed together as polycistronic operons, and although the mRNA level for each component is typically the same, differential translation ensures that subunits are synthesized in proportion with their stoichiometry within the complex (Li, Burkhardt, Gross, & Weissman, 2014) . More broadly, translation efficiency of endogenous mRNAs varies by more than 100-fold in Escherichia coli, further highlighting the importance of measuring the rates of protein synthesis directly (Li et al., 2014) .
Ribosome profiling takes advantage of high-throughput sequencing technology to allow for global measurement of protein synthesis rates. As ribosomes protect mRNA from nuclease digestions, collecting and sequencing protected fragments yield a snapshot of the location of every ribosome at the time of cell harvesting (Ingolia, Brar, Rouskin, McGeachy, & Weissman, 2012; Ingolia, Ghaemmaghami, Newman, & Weissman, 2009; Oh et al., 2011) (Fig. 1A) . If each ribosome is in the process of translating a full-length protein, the density of ribosomes over a gene, or footprint reads per unit length, is representative of the synthesis rate of that protein. Additionally, for proteins that are stable and therefore share the same half-life as the cell doubling time, their steady-state abundance is proportional to the synthesis rate, making this method a simple tool to estimate proteome composition.
Relating ribosome density and synthesis rate requires two key assumptions. One, that there is little ribosome drop-off over the length of a transcript, and two, that the average elongation rates across genes are similar (Li, 2015) . For bacteria in steady-state growth, a superb agreement between ribosome density in the first and second halves of transcripts indicates both that there is little ribosome drop-off and that potential ribosome pause sequences or codon-dependent transit time does not substantially change average elongation rate over the length of the transcript (Li et al., 2014; Li, Oh, & Weissman, 2012; Subramaniam, Zid, & O'Shea, 2014) . Small residual variations can be corrected for computationally.
Here, we outline a ribosome profiling protocol that can be used to measure protein synthesis rates in E. coli and other bacteria. We also discuss key considerations that must be made to ensure collection of high quality, quantitative information.
2. CELL COLLECTION, RIBOSOME FOOTPRINTING, AND MONOSOME ISOLATION
Overview
The first step of ribosome profiling involves collecting cells and preparing cell lysates from which polyribosomes can be prepared. Care must be taken during this step to ensure that the positions of ribosomes accurately represent a snapshot of the cells' translational state. During cell harvesting, cultures are filtered and cells rapidly collected and flash-frozen to minimize the time during which translation can be altered. Further, cell collection is performed at 37°C with equipment that has also been prewarmed to this temperature to minimize perturbations to cells that could induce changes to translation. Cells are then lysed in the presence of a translational inhibitor, chloramphenicol, and kept frozen to ensure minimal movement of ribosomes. Several factors may contribute to artifacts and irreproducible results. If cells are not under steady-state growth, gene expression and translation are sensitive to both the exact time point of harvesting and the history of the culture, e.g., dilution factor and inoculum size. Further, cells transitioning between growth phases often experience sequential depletion of carbon sources and amino acids. The differences in the limiting nutrients can both directly and indirectly affect the kinetics of translation, leading to substantial ribosome drop-off and/or pausing that invalidate the assumptions required for estimating the rates of protein synthesis (Li et al., 2012; Mohammad, Woolstenhulme, Green, & Buskirk, 2016; Subramaniam et al., 2013) . To ensure steady-state growth, we recommend careful measurement of a growth curve, and allowing for at least six cell doublings (and ideally 10) of exponential growth to minimize residual effects from the saturated culture. Another source of irreproducibility can occur during cell harvesting using vacuum filtration, in which cells must be rapidly scraped off from the filter as soon as medium is passed through. Repeated scraping from the same filter should be avoided to minimize the amount of time that cells are depleted of nutrients.
Polyribosomes collected from lysed cells are then treated with a ribonuclease to generate monosomes from which protected RNA fragments can be obtained. Ribosome profiling in yeast typically relies on RNase I for such footprinting, a nuclease that is inhibited by the E. coli 30S ribosomal subunit, and thus cannot be used for bacterial footprinting (Datta & Burma, 1972) . Instead, Micrococcal nuclease (MNase) is used. MNase activity is biased by sequence, cleaving faster upstream of A and T residues, and contributing to more variability in footprint size than is typically seen with RNase I (Dingwall, Lomonossoff, & Laskey, 1981) . Longer ribosome footprints are also due to slow translation elongation at Shine-Dalgarno-like sequences, which interact with the anti-Shine-Dalgarno sequence of the 16S rRNA for a few rounds of amino acid incorporation (Li et al., 2012; O'Connor, Li, Weissman, Atkins, & Baranov, 2013) . Therefore, a wider range of fragments should be selected for inclusion in final cDNA libraries. MNase digestion must be run long enough to ensure polysomes are sufficiently collapsed to monosomes, but terminated before overdigestion results in cleavage of rRNA and loss of footprint integrity (Li et al., 2012 a. It is important to ensure cells are still in steady-state growth at this OD in selected growth medium 5. Rapidly filter liquid culture. When liquid has filtered through, immediately turn off vacuum and remove top of filtration apparatus. Scrape cells off filter in a single motion in ≪1 s using the long edge of a prewarmed reagent digger. Transfer immediately to a 50-mL conical tube prefilled with and stored in liquid N 2.
Buffer Preparation
6. Use a prechilled flat head spatula to scrape cells into tube, keeping cells submersed in liquid N 2 at all times. The frozen pellet should be at least 10 μL in volume. 7. Poke holes through cap of tube. Cap tube and tilt to dispense liquid N 2. 8. Store tube at À80°C.
Cell Lysis
Estimated time: 1 h 1. Pellet lysis buffer by slowly pipetting 650 μL into a 50-mL conical tube filled with liquid N 2 . Wait for each pellet to sink before pipetting next pellet to prevent pellets from clumping. 
Monosome Isolation
Estimated time: 3.5 h 1. Layer 55% sucrose ($ 6 mL) below 10% sucrose ($ 7 mL) in Seton tubes for SW41 rotor. Use marker block provided with gradient maker. 2. Make the gradient using preprogramed 10-50 short program on gradient station. 3. Prechill the gradients, tubes, buckets, rotor, and the ultracentrifuge to 4°C. 4. Load the samples onto gradients at 4°C. 5. Balance with lysis buffer. 6. Spin in ultracentrifuge at 35,000 rpm for 2.5 h at 4°C.
7.
Fractionate at 0.2 mm/s. Measure A 260 every second using BioRad Econo UV Monitor (Fig. 3 ). 8. Collect monosomes ($ 1.5 mL) in 2 mL cryovials. 9. Flash-freeze and store at À80°C.
LIBRARY PREPARATION

Overview
mRNA footprints must be converted into a cDNA library compatible for Illumina sequencing in a way that minimizes introduction of biases that can skew the final library composition. Here, cDNA libraries are generated by first ligating a DNA adapter to the 3 0 end of the RNA fragments. Following reverse transcription from the ligated adapter, cDNA is circularized and the final library generated via PCR amplification (Fig. 1B) .
Efficient ligation is critical for minimizing bias introduced during library preparation. It has been demonstrated that T4 RNA ligases have sequence and structure preferences, and that the efficiency of ligation is largely dependent on the stability of the structure formed between the RNA fragment and adapter (Zhuang, Fuchs, Sun, Zheng, & Robb, 2012) . Here, several steps are taken to ensure effective and maximally efficient ligation. First, to reduce background ligation and circularization of RNA fragments that can prevent productive ligation, a truncated form of T4 RNA ligase that cannot adenylate the 5 0 end of RNA/DNA is used in conjunction with a preadenylate DNA linker (linker-1) (Hafner et al., 2008; Ho, Wang, Lima, & Shuman, 2004; Yin, Ho, & Shuman, 2003) . The 3 0 end of the linker is blocked to prevent linker circularization. Second, a ligation reaction is performed with a control oligo (o199) in parallel to measure ligation efficiency. Ligated libraries should be used only if ligation is >80% efficient, though >90% efficiency is ideal. The control oligo additionally provides a control for all other library preparation reactions and helps to identify failed reactions that require further troubleshooting.
Reagents
• Acid phenol chloroform, pH 4.5 (ThermoFisher, cat. no 
Common Oligos
Equipment
• Thermomixer • Table top 
Buffer Preparation
80% EtOH
• Prepare in advance and store at room temperature 10 mM Tris pH 7.0 • Prepare in advance and store at room temperature 20 μM o199-P • Prepare in advance and store at À20°C 10 mM dNTPs • Prepare in advance and store at À20°C 25 μM oCJ485 • Prepare in advance and store at À20°C 1 M NaOH • Prepare in advance and store at room temperature rRNA subtraction oligo mix • Prepare in advance and store at À20°C • 77 μL 100 μM o1055, 4 μL 100 μM o1056, 17 μL 100 μM o1057, 2 μL 100 μM o1058 1 M Tris pH 7.5 • Prepare in advance and store at room temperature 
Procedure
Note: To minimize degradation of RNA, work in an RNase-free lab space; use 70% Ethanol or RNAseZap (Invitrogen) to clean lab bench and equipment before use. Thaw and keep RNA samples on ice when possible. Work to convert RNA to cDNA as quickly as possible, and avoid storing the RNA for longer than 1 week.
RNA Isolation
Estimated time: 3 h 1. For each sample, prewarm 1.5 mL acid phenol chloroform to 65°C. 2. Add 80 μL 20% SDS to $ 1.4 mL fractionated monosomes and split into two tubes. 3. Add 0.75 mL prewarmed acid phenol chloroform to each tube. 4. Incubate at 65°C for 5 min at 1400 rpm in a thermomixer. 5. Chill on ice for 5 min. 6. Spin at 20,000 Â g from 2 min at room temperature. 7. Transfer top aqueous layer to fresh tube. 8. Add 0.7 mL acid phenol chloroform and incubate at room temperature for 5 min, vortexing occasionally. 9. Repeat steps 6-7. 10. Add 600 μL chloroform and vortex 30 s at room temperature. 11. Spin at 20,000 Â g for 1 min at room temperature. 12. Transfer top aqueous layer to fresh tube. 13. Precipitate by adding 78 μL 3M NaOAc and 0.75 mL isopropanol. 14. Chill samples at À80°C for ! 30 min. 15. Spin at 20,000 Â g for 20 min at 4°C. 16. Remove supernatant and wash pellet in 750 μL 80% EtOH. 17. Spin for 5 min at 4°C. 18. Remove supernatant; air-dry ! 5 min. 19. Suspend in 11 μL 10 mM Tris pH 7, pool two tubes together for a total volume of 22 μL.
Size Selection
Estimated time: 4 h 1. Prerun a 15% TBE-Urea PAGE gel in 1 Â TBE at 200 V for 1 h.
2.
Measure the concentration of a 1:5 dilution of total RNA in 10 mM Tris pH 7 on Nanodrop. 3. Dilute samples to 20 μg of RNA in 5 μL 10 mM Tris pH 7.
4. Add 5 μL 2Â TBE-Urea sample loading buffer to each sample. 5. Set up o199-P control oligo by combining 1 μL 20 μM o199-P, 3 μL 10 mM Tris pH 7, and 5 μL 2Â loading buffer. 6. Set up ladder. 7. Denature all samples at 80°C for 2 min and return to ice. 8. Run samples on prerun gel at 200 V for 65 min.
a. Note: If you are running multiple samples, leave at least one well empty between samples to minimize cross-contamination 9. Stain with SYBR gold for 2 min and photograph gel (Fig. 4A) . 10. Excise between $ 15 and 45 nt (Fig. 4B) .
a. Also excise o199-P control band 11. Extract from gel as described in Section 3.7.1. 12. Precipitate as described in Section 3.7.2. 13. Suspend in 15 μL 10 mM Tris pH 7. 
Dephosphorylation
Estimated time: 2.5 h 1. Make a master mix with 2 μL T4 PNK buffer without ATP and 1 μL SUPERase•In. 2. Add 3 μL master mix to 15 μL sample.
a. Include a reaction with o199 control gel extracted in Section 3.6.2 3. Add 2 μL T4 PNK. 4. Incubate at 37°C for 1 h. 5. Heat inactivate at 75°C for 10 min. 6. Precipitate as described in Section 3.7.2. 7. Suspend in 11 μL 10 mM Tris pH 7.
Ligation and Size Selection
Estimated time: 7 h Note: SUPERase•In is omitted from the reaction, as we have observed that it results in decreased ligation efficiency. However, this should only be done if you are confident that the reaction is free of RNase contamination.
1. Measure the concentration of RNA. 2. Prepare 2 pmol RNA in 5 μL 10 mM Tris 7. Also prepare 2 pmol of the following controls: a. o199 dephosphorylation reaction from Section 3.6.3 b. Dephosphorylated o199 to control for failed dephosphorylation 3. Denature at 80°C for 2 min and return to ice. 4. Make a master mix containing: (Make sure well mixed) a. 10 μL PEG 8000, 50% b. 2 μL 10 Â T4 RNA ligase 2 buffer c. 1 μL H 2 O 5. Combine 13 μL master mix with 1 μL 100 μM linker-1, 1 μL T4 RNA ligase 2 truncated K227Q, and 5 μL RNA. 6. Incubate at 25°C for 2.5 h. 7. Precipitate as described in Section 3.7.2 and suspend in 6 μL 10 mM Tris pH 7. 8. Prerun a 10% TBE-Urea gel for 1 h at 200 V. 9. Add 6 μL TBE-urea loading buffer and denature at 80°C for 2 min followed by ice for 2 min. 10. Run on 10% TBE-Urea gel for 50 min at 200 V. Excise 35-65 bases (Fig. 5 ).
11. Gel purify and precipitate as described in Sections 3.7.1 and 3.7.2. 12. Suspend in 10 μL 10 mM Tris pH 7.0 and transfer to a new tube.
Reverse Transcription and Size Selection
Estimated time: 4 h 1. Combine 10 μL RNA, 1 μL 10 mM dNTPs, 1 μL 25 μM oCJ485, and 1.5 μL H 2 O. 2. Denature at 65°C for 5 min. 7. Hydrolyze RNA by adding 2.3 μL 1 M NaOH and incubate at 95°C for 15 min. 8. Add 23 μL TBE-urea loading buffer and denature at 80°C for 2 min followed by ice for 2 min. 9. Prerun 10% TBE-Urea gel for 1 h at 200 V. 10. Run each sample over two wells on 10% TBE-Urea gel at 200 V for 80 min (Fig. 6A) . 11. Excise 90-120 bases, avoiding excision of RT primer (Fig. 6B) . 12. Gel purify and precipitate (DNA) as described in Sections 3.7.1 and 3.7.2. 13. Suspend in 15 μL 10 mM Tris pH 8 and transfer to a new tube.
Circularization
Estimated time: 2.5 h 1. Make a master mix containing the following: 1 μL 1mM ATP, 2 μL 10 Â CircLigase Buffer, 1 μL 50 mM MnCl 2 2. Add 4 μL master mix to 15 μL DNA 5. Add 3.5 μL 6Â DNA loading dye to each sample. 6. Prepare ladder: 1 μL 10 bp ladder, 16 μL 10 mM Tris 8, 3.5 μL 6Â DNA loading dye. 7. Prerun an 8% TBE-PAGE Gel at 180 V for 1 h. 8. Run samples on 8% TBE-PAGE Gel at 180 V for 50 min (Fig. 7A) . 9. Excise band at $ 175 bp (Fig. 7B) . 10. Gel extract and precipitate as described in Sections 3.7.1 and 3.7.2. 11. Suspend in 11 μL 10 mM Tris pH 8. 
ANALYSIS
Overview
Protein synthesis rates can be estimated from the density of reads mapping to a transcript. As described earlier, ribosome density is correlated with synthesis rate assuming no ribosome drop-off and constant elongation rate across transcripts. Here we provide quality control procedures to confirm that the data collected are mostly consistent with these assumptions, as well as methods to correct local variations that may be caused by small differences in elongation rate or ribosome processivity. Transcripts with strong ribosome pause sites or other nontypical features should be considered individually, as described below.
Software
• Cutadapt v. Remove adapters from reads using cutadapt with the command below, where m specifies the minimum allowed read length, u trims the 5 0 end of reads to remove nucleotides added by nontemplate addition during RT, a specifies the adapter sequence, and o the output file. a. -m 15 -u 1 -a CTGTAGGCACCATCAAT -o $OUTPUTNAME $INPUT_FASTQ 2. Discard reads that are not between 20 and 42 nt. 3. Use bowtie to align reads to a reference file containing rRNA sequences using the command below and output unmapped reads using -un. Use -v 2 to allow two mismatches, and -m to only report reads that align to a single genomic location. a. bowtie rRNA_bowtie_reference -v 2 -m 1 $INPUT_FASTQ > $OUTPUT_BOWTIE -un $OUTPUT_UNMAPPED 4. Use bowtie to align unaligned reads from step 2 to reference genome as above. Use the reads aligned here for quantification of protein synthesis rates.
Quality Control Procedures
1. Ribosome drop-off can be assessed via a metagene analysis. First, for each gene, calculate the average number of reads in every 50-codon window normalized to the average number of reads in the first 50 codons.
Exclude genes with fewer than 128 total reads per transcript. For a sequencing depth of 100 million reads, approximately 75% of genes will be above this cutoff for E. coli grown in a rich medium. Fit the median value calculated for each position across all genes to an exponential decay function to assess the read drop-off over the length of the transcript. This is often referred to as metagene profile. For E. coli, around 20% drop-off typically occurs (Li et al., 2014) , but this value can differ between species. 2. If a substantial amount of ribosome drop-off is observed, the growth medium and harvesting condition should be carefully examined to avoid nutrient depletion. For example, cell cultures transitioning out of exponential phase may start to consume amino acids, leading to prolonged ribosome pausing and subsequent rescue and release. Signatures of pausing and ribosome drop-off at specific codons can be determined by aligning ribosome density profiles by the codon of interest. Another source of substantial drop-off relates to slow cell harvesting, in which cells are depleted for all nutrients. It is therefore important to carefully characterize the growth curve and move as quickly as possible during harvesting. 3. Confirm that reads map primarily to protein coding regions of genes, and few reads map to UTRs.
Quantifying Protein Synthesis Rates
1. The ribosome density profile for each gene is first normalized to the metagene profile to correct for small density decreases as a function of gene length. Another correction is then applied to account for small local variations in elongation rates. For example, slow elongation at ShineDalgarno-like sequences can lead to elevated ribosome density without affecting protein synthesis rates. The effects of such sequences can be first quantitated by averaging across all incidences, and the magnitude of the effects used to correct for each incidence. 2. Calculate protein synthesis rates as the sum of corrected ribosome density profile to an ORF divided by the length of the ORF. Exclude reads from the first and last five codons, as the read density at these codons is affected by translation initiation and termination.
